Listeria monocytogenes is a gram-positive bacillus that is widespread in the environment and causes life-threatening infections in humans and animals, including meningoencephalitis, bacteremia, and perinatal infections (7, 15) . In humans, it is transmitted by contaminated food and may be responsible for large outbreaks in industrialized countries (7) . L. monocytogenes is a facultative intracellular pathogen that is able to infect both professional (25) and nonprofessional phagocytes, such as epithelial cells (10, 11) and hepatocytes (5, 13, 43) . The molecular basis of its intracellular life cycle has largely been elucidated (40) . Early in the cycle, L. monocytogenes lyses the phagosomal vacuole and is released into the cytoplasm. It then divides and spreads into adjacent cells by mediating actin assembly.
Listeria strains can be classified by their antigenic properties according to the serological scheme introduced by Paterson (31) and modified by Seeliger and Höhne (36) . This scheme distinguishes various serovars on the basis of their somatic (O) and flagellar (H) antigens. It is based on hemagglutination tests with different sera designated A to E for flagellar antigens and I to XV for somatic antigens. At least 13 serovars are recognized within L. monocytogenes, and they are designated serovars 1/2a, 1/2b, 1/2c, 3a, 3b, 3c, 4a, 4ab, 4b, 4c, 4d, 4e, and 7 (38) . While several serovars can be recovered from the environment and from foods, serovars 1/2a, 1/2b, and 4b account for most human infections (7, 26, 34) . Serovar 4b strains are especially overrepresented among clinical isolates, accounting for 40 to 60% of sporadic cases of human listeriosis. Serovar 4b is also the serovar that is most frequently involved in major outbreaks (7) .
Ami is an autolytic amidase that was originally identified in L. monocytogenes serovar 1/2a (2, 27) . Ami 1/2a, the predicted Ami of strain EGD (serovar 1/2a), the strain whose genome has been sequenced (14) , is a 917-amino-acid protein with three characteristic domains: (i) a 30-amino-acid putative signal sequence; (ii) a 179-amino-acid N-terminal domain similar to the alanine amidase domain of the Atl autolysin of Staphylococcus aureus; and (iii) a C-terminal cell wall anchoring (CWA) domain (amino acids 262 to 917) containing four repeats, each composed of two approximately 80-amino-acid modules called GW modules because of the presence of the dipeptide GW (2, 4) . Ami 1/2a is exposed at the Listeria surface (2) . Like other GW autolysins, the molecule is likely to be secreted and targeted to the bacterial surface via its CWA domain (4) .
Ami 1/2a is believed to contribute to the attachment of L. monocytogenes to eukaryotic cells. We recently showed that ami null mutants constructed with serovar 1/2a strains lacking InlA or InlB or both are five to 10 times less adherent than the parental strains in various cell types (28, 29) . We also showed that the adhesive properties of Ami 1/2a are carried by the C-terminal CWA domain of the molecule (29) . Expression of this domain by complementation fully restores the adhesion capacity of ami null mutants in inlA and/or inlB backgrounds. Moreover, the purified CWA domain of Ami 1/2a binds eukaryotic cells in a cell adhesion assay.
Paradoxically, to date there is no information about the properties of Ami 4b, the Ami from L. monocytogenes serovar 4b, the most prevalent serovar in human listeriosis. Here we studied the sequence and binding activity of Ami 4b. We found that the CWA domains of Ami 4b and Ami 1/2a are not similar and have distinct patterns of binding to eukaryotic cells. We also sequenced the Ami CWA domains of strains belonging to each L. monocytogenes serovar. We showed that the Ami CWA sequences can be divided into two groups correlated with the somatic antigen and the structure of teichoic acids (TA).
MATERIALS AND METHODS
Strains, plasmids, and growth conditions. The bacterial strains and plasmids used in this study are listed in Table 1 . All bacteria were grown at 37°C. Listeria and Escherichia coli strains were grown in brain heart infusion (Difco Laboratories, Detroit, Mich.) and Luria-Bertani (Difco Laboratories) broth and agar, respectively. For E. coli strains harboring pET28aϩ derivatives kanamycin was added to the medium at a final concentration of 30 mg/liter.
General genetic manipulations, nucleotide sequencing, and sequence analyses. Total DNA was isolated from Listeria cells as previously described (32) . Plasmid DNA was prepared from E. coli by the rapid alkaline lysis method (1) . Standard techniques were used for DNA fragment isolation, DNA cloning, and restriction analysis (35) . Restriction enzymes and ligase were purchased from New England Biolabs Inc. (Beverly, Mass.) and were used as recommended by the manufacturer. DNA was amplified with DyNazyme EXT DNA polymerase (Finnzymes) or Vent DNA polymerase (New England Biolabs). The PCR conditions were as follows: 35 cycles of 30 s at 95°C, 45 s at 55°C, and 90 s at 72°C in a PTC-200 thermal cycler (MJ Research). The ami 4b gene was amplified by using primers AMI-F1 (5Ј-CAAGTGCTGCTTCCATTG-3Ј) and AMI-R1 (5Ј-CTGATTGATCACCCTTGG-3Ј). The CWA domain portion of the ami gene was amplified by using primers CWAsv1-F (5Ј-GATGGCAAAGGAACAGTC-3Ј) and CWAsv1-R (5Ј-CTGATTGATCACCCTTGG-3Ј) for serovars 1/2a, 1/2b, 1/2c, 3a, 3b, 3c, and 7 and primers CWAsv4-F (5Ј-GTCTGGTCCCACGATGC-3Ј) and CWAsv4-R (5Ј-CTCGTCCAAATCGTCCGC-3Ј) for serovars 4a, 4b, 4c, 4d, and 4e. Nucleotide sequencing was carried out with a Big Dye terminator sequencing kit (Applied Biosystems, Perkin-Elmer) with fluorescently labeled dideoxynucleotides and primers. Labeled extension products were analyzed with a 3700 DNA sequencer (Perkin-Elmer). Multiple alignments were constructed with the Clustal W program. Phylogenetic trees were constructed by using the NJplot program.
Preparation of bacterial extracts, SDS-PAGE, and Western blot analysis. Total bacterial extracts were prepared as follows. Listeria was grown in brain heart infusion broth to the exponential phase (A 600 , 0.8), and then 1 ml was centrifuged. The resulting pellet was washed twice in cold water and sonicated three times for 5 min. The lysate was collected by centrifugation and suspended in 1ϫ sodium dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis (PAGE) sample buffer (130 mM Tris-HCl [pH 6.8], 1% SDS, 7% 2-␤-mercaptoethanol, 7% sucrose, 0.01% bromophenol blue). To prepare a 1% SDS extract, 10 ml of a culture was centrifuged, and the bacterial pellet was washed twice in phosphate-buffered saline (PBS) and suspended in 0.2 ml of PBS containing 1% SDS. The bacterial cells were incubated for 15 min at 37°C. The supernatant collected after centrifugation was filtered and solubilized in 1ϫ SDS-PAGE sample buffer. SDS-PAGE was carried out as previously described (21) in 10% polyacrylamide minigels (Mini Protean II; Bio-Rad, Ivry sur Seine, France). Proteins were stained with Coomassie brilliant blue. Western blotting was carried out as previously described (29) . Western blots were probed with rabbit affinity-purified anti-Ami antibodies or rabbit anti-InlB antibodies (2) diluted 1/1,000 and anti- rabbit horseradish peroxidase-conjugated secondary antibodies. Antibody binding was revealed by adding 0.05% diaminobenzidine tetrahydrochloride (Sigma) and 0.03% hydrogen peroxide. Expression and purification of recombinant Ami cwa -His 6 polypeptides. The CWA domain of Ami (Ami cwa ) of CHUT 82337 was produced as a recombinant His-tagged polypeptide as previously described (29) . A 1,582-bp PCR fragment was produced by using genomic DNA of CHUT 82337 as the template and primers 5Ј-GGAATTCCATATGTTGATTAATGAAAAGTACAAAGCG-3Ј and 5Ј-CGCGGATCCATAATTGGCTGGGAG-3Ј, which introduced NdeI and BamHI sites (underlined), respectively. The resulting fragment was digested with NdeI and BamHI and inserted in frame upstream from the His tag sequence in the expression vector pET28aϩ (Novagen). The resulting plasmid, pET28.a-6, was verified by sequencing the insert from both junctions. It was used to transform E. coli BL21(DE3) (Novagen), giving rise to BUG 1963. Recombinant Ami cwa -His 6 polypeptides originating from either EGD (29) or CHUT 82337 (this study) were purified by using a two-step chromatographic procedure. The first step, involving metal affinity chromatography (Novagen), was carried out as previously described (3). The fractions containing Ami cwa -His 6 were pooled and subjected to cation-exchange chromatography with a POROS HS column (Pharmacia). The loading buffer contained 50 mM HEPES (pH 7.6) and 200 mM NaCl. Elution was performed with a 0.2 to 0.4 M NaCl gradient. The Ami cwaHis 6 polypeptide that eluted in the presence of 280 mM NaCl was dialyzed for 18 h against loading buffer and concentrated by using Centriprep 50 devices (Amicon). The His tag was removed by thrombin digestion. The purified Ami cwa polypeptide was stored in 10% glycerol at Ϫ80°C. Protein concentrations were determined with the bicinchoninic acid system (Pierce).
Binding of Ami cwa to bacterial cells. Binding assays were performed as previously described (2), with minor modifications. One milliliter of an exponentialphase culture (A 600 , 0.8) of L. monocytogenes was washed twice in PBS, pelleted, and resuspended in 200 l of 220 mM NaCl-PBS. Various concentrations of the purified Ami cwa -His 6 polypeptide were added, and the mixtures were incubated for 45 min at room temperature with gentle agitation. Bacterial cells were then washed twice in 220 mM NaCl-PBS to remove unbound material and resuspended in 1ϫ SDS-PAGE sample buffer. Bound proteins were visualized by Coomassie staining after SDS-PAGE.
Culture of cell lines. The human colon carcinoma cell line Caco-2 (ATCC HTB 37), used between passages 25 and 35, was propagated as described previously (12) . The human hepatocellular carcinoma cell line Hep-G2 (ATCC HB 8065) was propagated as described by Dramsi et al. (5) . All incubations were carried out in a 10% CO 2 atmosphere at 37°C.
Cell binding assay with Ami cwa -coated surface. A cell binding assay was performed as described previously (29) . Maxisorp microtiter plates (Nunc) were coated for 18 h at 4°C with 50 l of purified Ami cwa 1/2a or Ami 4b, with various concentrations of bovine serum albumin (BSA) (0.07, 0.14, 0.35, and 0.7 M), or with 10 g of poly-L-lysine in 50 mM carbonate buffer (pH 9.6). Wells were treated for 2 h at 37°C with 0.5% BSA in PBS for blocking and washed three times with PBS. The adhesion assay was performed as follows. Wells were filled with 50 l of a cell suspension (approximately 10 6 cells per ml) in Dulbecco modified Eagle medium containing 0.4% BSA and incubated for 1 h at 37°C in a 10% CO 2 atmosphere. After washing, bound cells were quantified by the hexosaminidase assay (22) . The results are expressed below relative to the cell binding obtained with poly-L-lysine-coated wells, which was arbitrarily defined as 100.
Statistical analysis. The Student t test was used to compare values, and P values of Ͻ0.05 were considered to be statistically significant.
RESULTS
CWA domains of Ami 4b and Ami 1/2a are not similar. We sequenced the ami gene from L. monocytogenes CHUT 82337 (serovar 4b) and compared it with that of L. monocytogenes EGD (serovar 1/2a). The two ami gene sequences were similar in the region encoding the enzymatic domain (97.2% nucleotide identity) but not in the region encoding the CWA domain (43.2% nucleotide identity). Moreover, the gene encoding the CWA domain of CHUT 82337 contained only three DNA repeats, compared to the four DNA repeats in the EGD gene. We verified that this difference was not due to a cloning artifact. The ami region encoding the CWA domain of CHUT 82337 was amplified with the external primers AMIsv4-F and PYRGsv4-R. The resulting PCR product was about 0.5 kb smaller than the EGD PCR product. To ensure that the results obtained with CHUT 82337 were not strain specific, the ami regions encoding the CWA domains of three other serovar 4b strains (ATCC 19115, CHUT 850212, and INRA 76) were amplified by using the same primers. Each PCR product was the same size as the CHUT 82337 product (data not shown). The DNA repeat nearest the C-terminal extremity (588 bp) of each of the three strains was sequenced on both strands. The sequences were 99.9 and 43.2% identical to those of CHUT 82337 and EGD, respectively (data not shown), thus confirming the previous results obtained with CHUT 82337.
The deduced Ami polypeptide of L. monocytogenes CHUT 82337 is 770 amino acids long, whereas that of EGD is 917 amino acids long (Fig. 1) . CHUT 82337 Ami is organized like Ami of EGD. It contains an N-terminal domain with putative alanine amidase activity and a C-terminal CWA domain composed of repeats, each made up of two GW modules (the N-terminal and C-terminal GW modules of each repeat are conventionally referred to as a and b, respectively; the a and b modules of repeat 1 are designated R1a and R1b, respectively [4] ). However, although the two proteins have almost identical enzymatic domains (98.1% amino acid identity), their CWA domains are different (54.2% amino acid identity). Moreover, the CWA domain of CHUT 82337 contains only three repeats (six GW modules), compared to four repeats (eight GW modules) in the EGD CWA domain. In addition, the b modules of CHUT 82337 are each four or five amino acids longer than the b modules of EGD. Another striking difference is the presence of the short sequence RTSXTFI upstream from the GW dipeptide of the b modules in CHUT 82337. In EGD, this motif is found at a similar location in InlB (6, 11) but not in Ami (Fig. 1) .
L. monocytogenes serovar 4b produces an 85-kDa Ami polypeptide found in total cell extracts and SDS extracts. We used Western blotting to analyze the Ami proteins from serovar 1/2a and 4b strains. Western blots were probed with rabbit affinity-purified anti-Ami antibodies or anti-InlB antibodies, which recognize Ami and give lower background values (2) . In accordance with previous observations made with Ami 1/2a from EGD (2, 29), Ami 4b was detected in total cell extracts and SDS extracts but not in culture supernatants. However, as expected from sequence data, the Ami molecules were clearly shorter in strains of serovar 4b than in strains of serovar 1/2a (ϳ85 kDa versus ϳ100 kDa) (Fig. 2) . Similar data were reported in a recent study (18) .
CWA domain of Ami 4b binds to the surface of serovar 4b cells more efficiently than to the surface of serovar 1/2a cells. We compared the abilities of the CWA domains of Ami 1/2a and Ami 4b to bind to the surfaces of serovar 1/2a and 4b bacterial cells using purified polypeptides. Binding experiments were performed by incubating EGD and CHUT 82337 bacterial cells (serovar 1/2a and 4b cells) with the purified Ami CWA domain originating from either strain. After the preparations were washed to remove nonspecifically bound material, bacterial protein extracts were separated by SDS-PAGE and stained with Coomassie blue (Fig. 3) .
The purified Ami cwa 1/2a bound efficiently to the serovar 1/2a bacterial cells in a dose-dependent manner. Much less Ami cwa 1/2a bound to the serovar 4b cells, and binding was not (Fig. 4 ). This may have been due to the fact that Hep-G2 cells express particularly high levels of surface glycosaminoglycans (9, 30) , which are the cell receptors of InlB and possibly of Ami molecules (20) . However, interestingly, Ami cwa 4b bound to Hep-G2 cells 1.5 to 2 times less efficiently than Ami cwa 1/2a bound to these cells (P Ͻ 0.001), whereas the two polypeptides bound to Caco-2 cells similarly. Thus, Ami cwa 4b and Ami cwa 1/2a differ in the ability to bind to Hep-G2 cells but not in the ability to bind to Caco-2 cells. 1/2a, 1/2b, 1/2c, 3a, 3b, 3c, 4a, 4c, and 7) and one that yielded products about 1.7 kb long (serovars 4b, 4d, and 4e). DNA sequence analysis showed that the difference in size between the two groups was mainly due to the presence of four DNA repeats in the first group and only three DNA repeats in the second group. A phylogenetic analysis based on the nucleotide sequence also allowed us to distinguish two groups; group I consisted of serovars 1/2a, 1/2b, 1/2c, 3a, 3b, 3c, and 7 (serogroups 1/2 and 3 and serovar 7), and group II consisted of serovars 4a, 4b, 4c, 4d, and 4e (serogroup 4) (Fig. 5A ). All members of group I had an ami cwa region consisting of about 2.2 kb containing four DNA repeats. Group II could be further divided into two subgroups; members of subgroup IIa (serovars 4a and 4c) had an ami cwa region consisting of about 2.2 kb containing four DNA repeats, whereas members of subgroup IIb (serovars 4b, 4d, and 4e) had an ami cwa region consisting of about 1.7 kb containing only three repeats. The sequence similarity was very high within each group (97.1 to 100% nucleotide identity in group I and 89.3 to 100% nucleotide identity in group II) but very low between the two groups (37.3 to 46.2% nucleotide identity) ( Table 2) . Analysis of deduced amino acid sequences yielded the same division into group I (serogroups 1/2 and 3 and serovar 7) and group II (serogroup 4) and the same subdivision of group II into subgroup IIa (serovars 4a and 4c) and subgroup IIb (serovars 4b, 4d, and 4e) (Fig. 5B) . The levels of amino acid identity ranged from 98.5 to 100% within group I and from 93.9 to 100% within group II but did not exceed 54.4% when comparisons were made between the two groups ( Table 2 ). Figure 6A shows the structural organization of the CWA domains within each group. The Ami CWA domain is 656 amino acids long and contains four 160-amino-acid repeats (eight GW modules) in group I, is 674 amino acids long and contains four 165-amino-acid repeats (eight GW modules) in subgroup IIa, and is 509 amino acids long and contains three 165-aminoacid repeats (six GW modules) in subgroup IIb. These data need to be confirmed with a larger number of strains. However, they are fully consistent with a recent study showing that Ami has an apparent molecular mass of ϳ80 kDa in serovar 4b and ϳ98 kDa in serovars 1/2a, 1/2b, 1/2c, 3c, and 7 (18) . Sequence alignments revealed that the distribution of charged and hydrophobic amino acid residues is remarkably conserved (Fig. 6B) . The analysis also revealed a short sequence of variable length located just upstream of the GW dipeptide of b We defined a consensus sequence (threshold, 96%) from the repeat region of each group. Dots indicate residues that are completely conserved in all repeats; positions are shaded if the chemical nature of the residues was conserved in all the sequences within the repeats, as follows: h, aliphatic residues (ILV); , aromatic residues (YFWH) (of the hydrophobic residues); ϩ, basic residues (KHR); and -, acidic residues (ED) (of the polar residues). Secondary structure predictions are shown below the sequences; ␤-strands are represented by arrows. (Fig. 6B) .
Sequences of the

DISCUSSION
A number of previous studies have attempted to identify a correlation between virulence gene allelic diversity and serovars. However, analyses of polymorphism of hly (also called hlyA or lisA previously), mpl, plcA, inlA, and inlB have failed to find factors involved in L. monocytogenes pathogenicity that are serovar dependent (6, 33, 41, 42) . We provide here the first example of allelic polymorphism correlated with the somatic antigen in a gene involved in the pathogenicity of L. monocytogenes. Our results indicate that O antigens I, II, IV, XII, and XIII occur exclusively in group I of Ami sequences (serogroups 1/2 and 3 and serovar 7) and O antigens V, VI, VII, VIII, IX, and X occur exclusively in group II (serogroup 4), while H antigens A, B, C, and D occur in both group I and group II. This clearly shows that the sequence of the CWA domain of Ami molecules correlates with the somatic antigen and not with the flagellar antigen.
These data suggest that the anchoring of Ami involves a bacterial factor that varies with the somatic antigen. This factor might be the cell wall TA as these molecules are major components of the somatic antigens (8) . TA consist of polyribitolphosphate chains that may be decorated with various sugar or N-acetylamino sugar residues. In serogroups 1/2 and 3 and serovar 7, the polyribitolphosphate chains are replaced by rhamnose and/or N-acetylglucosamine at C-2 and/or C-4 of ribitolphosphate. In serogroup 4 (and serogroups 5 and 6 in the genus Listeria), N-acetylglucosamine is integrated into the polymer chains and attached to the C-2 or C-4 hydroxyl group of ribitolphosphate; replacement by glucosyl or galactosyl residues may occur at C-3 and/or C-6 of N-acetylglucosamine. Given the differences between the Ami CWA domains in groups I and II and the strong similarities of these domains within each group, it is more likely that the structure of the polyribitolphosphate backbone plays an important role in the anchoring of Ami rather than TA-associated decorating sugars. Similar observations have been made with L. monocytogenes phage endolysins Ply118 and Ply500 (23) , which bind to the surfaces of serogroup 1/2 and 3 and serovar 7 Listeria cells and to serogroup 4 and 6 and serovar 5cells, respectively, via the C-terminal binding domain (24) .
The supposed role of bacterial factors correlated with the somatic antigen for the targeting of Ami molecules may explain why, when added exogenously to bacterial cells, the CWA domains of Ami 4b and Ami 1/2a bind more efficiently to bacterial cells belonging to the same serovar. This is also consistent with recent experiments comparing expression of the CWA domains of Ami 1/2a and Ami 4b in Listeria innocua serovar 6a, which displays TA similar to serogroup 4 TA; in this bacterial host, the Ami 4b CWA domain is expressed much better than the Ami 1/2a CWA domain at the bacterial surface (Milohanic, unpublished data) . These data are reminiscent of a previous study in which the workers compared production of an InlB-Ami hybrid comprising the first 398 amino acids of InlB and the eight GW modules of Ami 1/2a in L. monocytogenes EGD (serovar 1/2a) and L. innocua BUG 499 (serovar 6a) (3, 19) . This study showed that the hybrid protein was entirely surface associated when it was produced in L. monocytogenes and was mostly secreted into the supernatant in L. innocua. Thus, the Ami CWA domain clearly needs molecules that are linked to or part of the autologous somatic antigen to efficiently target Ami to the bacterial surface.
It was recently shown that Ami contributes to the adhesion of L. monocytogenes serovar 1/2a to mammalian cells via its CWA domain (29) . We now present evidence that the Ami molecules produced by serovar 1/2a and 4b strains display distinct adhesion patterns in two cell models widely used to evaluate the interaction of Listeria with human cells, the hepatocytic Hep-G2 model (5) and the enterocytic Caco-2 model (10, 11) ; while the two CWA domains bind to Caco-2 human enterocytic cells similarly, the Ami 1/2a CWA domains bind to Hep-G2 human hepatocytic cells about two times more efficiently. The molecular basis of the different adhesion patterns of the CWA domains of Ami 1/2a and Ami 4b remains to be elucidated. It is possible that Ami 4b binds to cells less efficiently because it contains fewer GW modules. Adhesion activity is strong with the unprocessed form of the staphylococcal autolysin-adhesin AtlE from Staphylococcus epidermidis, which has six GW modules, and is weaker with the amidase-and glucosaminidase-processing products, which only have four and two GW modules, respectively (16) . Similar observations have been made with the autolysin-adhesin Aas from Staphylococcus saprophyticus (17) .
Whether the differences in the adhesion patterns of Ami 1/2a and Ami 4b have a significant impact in terms of pathogenicity remains an open question. Ami is not per se a major actor in the interaction between Listeria and host cells. The loss of adhesion resulting from inactivation of ami is significant only in inlA and/or inlB mutants, probably because InlA and InlB largely overcome the defect in the Ami cell adhesion function (28, 29) . However, we believe that Ami contributes to the fine-tuning of the molecular events that occur in the Listeria-cell interaction process. It was shown previously that overexpression of Ami CWA severely inhibited the entry of L. monocytogenes into Hep-G2 cells but not the entry into Caco-2 cells (29) . This surprising result suggests that if the association between bacteria and the cell surface is too strong, as is the case with Hep-G2 cells, the entry process may be hindered. Alternatively, since the CWA domains of Ami 1/2a and InlB both have a strong affinity for glycosaminoglycans, Ami 1/2a may hinder the binding of InlB to its glycosylated receptor, the Met receptor tyrosine kinase (20, 37) . Ami 1/2a may thus interfere with the entry process mediated by InlB, which is more important for the invasion of Hep-G2 cells than for the invasion of Caco-2 cells (3). Whatever the underlying mechanism involved, the overall weaker adhesion of Ami 4b may be an advantage for the invasion of certain host cells. This may result in a somewhat different behavior of L. monocytogenes serovar 4b in the living host. To approach this question, it is necessary to evaluate the pathogenicity of ami null mutants constructed in serovar 1/2a and 4b backgrounds.
